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Title of the Project: Laser-excited Raman Spectroscopy of Biopolymers 
Period covered: September 1, 1987- August 31, 1993. 
Institution: Georgia Institute of Technology 
The main objectives of the project during tlhe above period are to explore, develop and 
exploit the information content of resonance Raman spectra of hemoproteins with special 
emphasis on the detection I interpretation of rnetal-axial ligand vibrations and their 
utilization for understanding the mechanisms of protein control of heme reactivity. We have 
collaborated extensively with Professor Klaus Gersonde of Technical University of Aachen 
(Germany), and Dr. K. Nagai of Medical Research Council (UK). Prof. Gersonde had 
provided us with the samples of insect hemoglobin Chironomus thummi thummi, while Dr. 
Nagai supplied us with human mutant Hb's obtained via site-directed mutagenesis. These 
collaborations have been quite fruitful, producing numerous publications as listed below. 
We have also carried out resonance Raman studies on ligand binding to model compounds, 
which provide new insight into the exact nature of metal-ligand bonds and their relations 
with ligand binding affinities. In addition, we have employed near-infrared Fourier 
Transform Raman technique to study fluorescent or photolabile biomolecules, which were 
not possible for Raman studies using excitation in the visible region. 
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1. Lipscomb, L. A., Lee, B.-S., and Yu, N.-T. (1993) "Resonance Raman 
Investigation of Nitric Oxide Bonding in Jion Porphyrins: Detection of the Fe-NO 
Stretching Vibration" Inorg. Chern. 32, 281-286. 
2. Li, X.-Y., Lipscomb, L. A., Chang, C. K. and Yu, N.-T. (1992) "Vibrational 
Properties of Several Synthetic Hen1e Models Studied by Raman Related 
Techniques" in Proc. SPIE-Laser Applications in Life Sciences, 1921, 
36-41. 
3. Tsubaki, M., Yoshikawa, Ichikawa, Y. and Yu, N.-T. (1992) "Effects of 
Cholesterol Side-Chain Groupd and J\drenodoxin-Binding on the Vibrational 
Modes of Carbon Monoxide Bound to Cytochrome P-450scc: Implications of the 
Productive and the Nonproductive Substrate Bindings" Biochemistry 31, 8991-
8999. 
4. Bormett, R. W., Asher, S. A., Larkin, P. J., Gustafson, W. G., Ragunathan, N., 
Freedman, T. B., Nafie, L. A., Balasubramanian, S., Boxer, S., Yu, N.-T., 
Gersonde, K., Noble, R. W., Springer, B. A. and Sligar, S. G. ( 1992) 
"Selective Examination of Heme Protein Azide Ligand-Distal Globin Interactions by 
Vibrational Circular Dichroism" J. Am. Chern. Soc. 114, 6864-6867. 
5. Nie, S., Lipscornb, L. A. and Yu, Nai-·Teng (1991) "Surface-Enhanced Hyper-
Raman Spectroscopy" Appl. Spectrosc. Reviews, 26(3), 201-274. 
6. Hori, H., Tsubaki, M., Yu, N.-T. and Yonetani, T. (1991) "Light Absorption, 
Electron Paramagnetic Resonance and Resonance Raman Characteristics of 
Nitridochromium(V) Protoporphyrin-JX and Its Reconstituted Hemoproteins" 
Biochim. Biophy. Acta, 1077, 392-399. 
7. Nie, S., and Yu, N.-T. (1991) "Surfaced-Enhanced Near-Infrared FT-Raman 
Scattering of Tetrathiafulvalene Adsorbed on Ag Powder" J. Raman Spectrosc. 
22' 489-496. 
8. Yu, N.-T. and Nie, S. (1990) "Surface-Enhanced Hyper-Raman and Near-IR Ff-
Raman Studies of Biomolecules" SPIE, Vol. 1403, pp. 112-120, Laser 
Applications in Life Sciences. 
9. Yu, N.-T., Nie, S., Lipscon1b, L.A. (1990) "Surface-Enhanced Hyper-Raman 
Spectroscopy with a Picosecond Laser. New Vibrational Information for Non-
Centrosymmetric Carbocyanine Molecules Adsorber on Colloidal Silver" J. 
Raman Spectrosc. 21, 797-802. 
10. Tsubaki, M., Ichikawa, Y., Fujimoto, Y., Yu, N.-T. and Hori, H. (1990) 
"Active Site of Bovine Adrenocortical Cytochrome P-45011 b Studied by 
Resonance Raman and Electron Paramagnetic Resonance Spectroscopies: 
Distinction from Cytochrorne P-450scc" Biochemistry 29, 8805-8810. 
11. Nie, S., Marzilli, P.A., Marzilli, L. G. and Yu, N.-T. (1990) "Near-Infrared 
Fourier Transform Raman Spectroscopy of Photolabile Organocobalt B 12 and 
Model Compounds. 3. Vibrational Assessment of Factors Affecting the Co-C 
Bonds in Models." J. Am. Chern. Soc. 112, 6084-91. 
12. Lin, S.-H., Yu, N.-T., Tarrte, J., Shih, 1)., Renaud, Jean-Paul, Pagnier, J. and 
Nagai, K. (1990) "Effect of the Distal Residues on the Vibrational Modes of the 
Fe-CO Bond in Hemoglobin Studied by Protein Engineering" Biochemistry 29, 
5562-66. 
13. Lipscomb, L.A., Nie, S., Feng, S. and Yu, N.-T. (1990) "Surface-Enhanced 
Hyper-Raman Spectroscopy with a Picosecond Laser: Gold and Copper Colloids." 
Chern. Phys. Lett. 170, 457-461. 
14. Lipscomb, L. A., Nie, S., Feng, S. and Yu, N.-T. (1990) "Surface-Enhanced 
Hyper-Raman Spectroscopy with a Picosecond Laser: Gold and Copper Colloids." 
Chern. Phys. Lett. 170, 457-461. 
15. Liu, H.-H., Lin, S.-H. and Yu, N.-T. (1990) "Resonance Raman Enhancement of 
Phenyl Ring Vibrational Modes in Phenyl Iron Complex of Myoglobin" Biophys. 
J. 57, 851-856. 
16. Nie, S, Lipscomb, Feng, S. and Yu, N.-T. (1990) "Resonant and Nonresonant 
Surface-Enhanced Hyper-Raman Spectroscopy with a Picosecond Laser. Effect of 
the Excitation Pulse Width" Chern. Phy:s. Lett. 167, 35-40. 
17. Nie, S., Marzilli, L.G., and Yu, N.T. (1~~89) "Near-Infrared Fourier Transform 
Rarnan Spectroscopy of Photolabile Organocobalt B12 and Model Compounds. 1. 
Detection of the Cobalt-Carbon Stretching Mode in the Solid State and in Solution" 
J.Am. Chern. Soc. 111, 9256-58. 
18. Yu, N.-T., Lin, S.-H., Chang, C.K. and Gersonde, K. (1989) "Resonance 
Raman Enhancement of the M:n-N-0 Bending Mode in Nitrosyl 
Manganese" Strapped" and "Open" Hen1e Complexes" Biophys. J. 55, 1137-
1144. 
19. Gersonde, K., Yu, N.-T., Lin, S.-H., Srnith, K. M. and Parish, D. W. (1989) 
"Resonance Raman Assignment and Evidence for Noncoupling of Individual 2- and 
4- Vinyl Vibrational Modes in a Monomeric Cyanomethemoglobin" 
Biochemistry, 28, 3960-3966. 
20. Lin, S.-H., Yu, N.-T. and Gersonde, K. (1988) "Resonance Raman Evidence for 
an Unusually Strong Exogenous Ligand-Metal Bond in a Monomeric Nitrosyl 
Manganese Hemoglobin" FEBS Lett . .229, 367-371. 
21. Tanaka, T., Yu, N.-T. and Chang, CJ(. (1987) "Resonance Raman Studies of 
Sterically Hindered Cyanomet "Strapped" Hemes: Effects of Ligand Distortion and 
Base Tension on Iron-Carbon Bond" Biophys. J. 52, 801-805. 
22. Tsubaki, M., Hori, H., Hotta, T., Hiwatashi, A., Ichikawa, Y. and Yu, N.-T. 
(1987) "Influence of Heme-Surrounding Amino Acid Residues on Manganese 
(V)-Nitrido Bond in Manganese-Substituted Hemoproteins: Resonance Raman 
Evidence for Porphyrin Core Expansion and Reduction of Manganese (V)-Nitrido 
Stretching Force Constant" Biochemistry 26, 4980-86. 
23. Nagai, K., Luisi, B., Shih, D., Miyazaki, G., lmai, K., Poyart, C., DeYoung, A., 
Kwiatkowsky, L., Noble, R. W., Lin, S.-H. and Yu, N.-T. (1987) "Distal 
Residues in the Oxygen Binding Site: of Hemoglobin Studied by Protein 
Engineering" Nature, 329, 858-860. 
24. Yu, N.-T. and Kerr, E. A. (1987) "Vibrational Modes of Coordinated CO, CN-, 
NO and 02'' in Biological Appli~n..s. of Raman Spectroscopy (Spiro, T. G., 
Ed.) John Wiley & Sons. 
25. Gersonde, K., Yu, N.-T., Kerr, E. A., Smith, K. M. and Parish, D. W. (1987) 
"Heme-Rotational Disorder in Monomeric Allosteric Cyano·-Met Inset Hemoglobins 
Monitored by Resonance Raman Spec1troscopy" J. Mol. Bioi. 194, 545-556. 
26. Gersonde, K., Yu, N.-T., Kerr, E. A., Smith, K. M. and Parish, D. W. (1987) 
"Heme-Rotational Disorder in Monomeric Allosteric Cyano-Met Inset Hemoglobins 
Monitored by Resonance Raman Spectroscopy" J. Mol. Bioi. 194, 545-556. 
27. Thompson, H. M., Yu, N.-T. and Gersonde, K. (1987) "Resonance Raman 
Evidence for the Mechanism of the Allosteric Control of 02-Binding in a Cobalt-
Substituted Monomeric Insect Hemoglobin" Biophys. J. 51, 289-295. 
Significant findings may be summarized as follows: 
(a) We made the first comparison of the v(FeiLNO) stretching frequencies in iron 
porphyrins (-527 cm-1) and hemoproteins (-554 cm-1) to assess the protein's effect 
on the Fe-NO bond. The electronic trans effect was investigated by preparing 
complexes with N-methylimidazole, pyridine, and tetrahydrofuran as proximal 
ligands, and steric effects were assessed by comparing hindered ( 1,2-
dimethylimidazole) and unhindered (N-:methylimidazole) axial bases. Surprisingly, 
the Fell-NO bond strength proved insensiltive to alterations in the trans base. The 
results were contrasted with FeiLCO, Fel[L02, and FeiLCN studies, in which the 
iron-ligand bond strength wa.s found to be dramatically affected by properties of the 
proximal ligand. 
(b) The nitridochromium (V) porphyrin complex was produced by UV irradiation of 
the azide complexes of the chromiutn (111)-protoporphyrin-IX. The Cr(V)-N 
stretching mode was observed at 1010 cm··1by resonance Raman spectroscopy. The 
force constant of 6.7 mdyn/A for the Cr(V}N bond was found, consistent with that 
for the metal-nitrogen triple bond. 
(c) Surface-Enhanced hyper-Raman Sm:ctrosc~: We have demonstrated the effect of 
excitation pulse width on hyper-Raman intensity. We have shown that SEHR 
technique provides new vibrational information for non-centrosymmetric 
molecules. Surface-enhanced hyper-Raman signals from gold and copper colloids 
were demonstrated. 
(d) Raman Evidence for Non-coupling of individual2- and 4- Vinyl Vibrational Modes 
in Cyano-met Hb: By studying cyano-rnet CIT Hbs reconstituted with protoheme-
IX selectively deuterated at vinyl and 2,4-vinyls, pemptoheme, isopemtoheme, and 
syrnmetric hemes (protoheme-III and -XIII),we have obtained unequivocal 
evidence that the highly localized vinyl C=C stretching vibrations at the 2 and 4 
positions are non-coupling and inequivalent. 
(e) The Origin of the Distal Sterle Effect :in Carbonmonoxy Hen1oglobin: We have 
obtained new insight into the origin of the distal effect in Hb·CO. Dr. Nagai 
provided us with human mutant Hbs having: (1) His(a.E7) replaced by Gin or Gly; 
(2) His(~E7) by Gin, Val, Gly or Phe; (3) Val(aEll) by Ala, Leu or lie; (4) 
Val(~E 11) by Ala, Met, Leu or lie; and (5) Phe(CDl) by Gly or Tyr. The effects of 
these mutations on the vibrational properties of the Fe-C and C-0 bonds in 
carbonmonoxy Hb A have been studied by Soret-excited resonance Raman 
spectroscopy. It is concluded that the origin of the distal steric effect that causes the 
off.-axis CO bonding is not the steric bulk of the E-7 residue. Instead, it may be the 
repulsive polar interactions between the lone-pair electrons of the NE and those of 
the carbonyl oxygen. 
(f) Resonance Raman Probe of Heme-Rotational Dosorder in Cyano-met CTI Hbs: 
We have identified two Fe-C-N Bending Vibrations attributable to heme-rotational 
components in deutero-IX and meso-IX reconstituted CTis. 
(g) Near-Infrared FT-Raman SpectroscoD.Y. for the Studies of Photolabile and 
Fluorescent Biomolecules:. For the first time, we reported the detection of the 
stretching vibration of the Co-C bond in photo labile B 12 and model compounds by 
near-IR excited FT-Raman spectroscopy. This opens up the possibility of directly 
monitoring the Co-C bond in various B12 complexes. 
(h) Assessment of Factors Affectin~ the Cc2:_C Bonds in Bu Models: We have assess 
the importance of various factors such as trans electronic effect, trans steric effect, 
environmental effect, which influence the Co-C bond stretch (hence Co-C bond 
strength). 
(i) NQ Change in Nitrosyl Bonding Georr.~ry in MlrNO between 20 oc and 77 OK: 
By single crystal EPR spectroscopy, the Fe-N-0 bond angle in Mb.NO was found 
to change by temperature from 1530 (at 20 OC) to 1090 (at 77 OK). Unexpectedly, 
we found no change in the Fe-NO stretch at 554 cm-1 between the two 
tentperatures, indicating no change in nitrosyl bonding geometry, The discrepancy 
simply indicates that EPR data need to be re-interpreted. 
(j) Unusual Ligand Bindin~ to~ Flu~Dd Hemo~lobin: We have detected the 
Fe(II)-NO, Fe(II)-CO, and Fe(II)--02 stretching vibrations of Dd Hb at 567, 571 
and 478 cm-1, respectively. Compared with the Fe(II)-NO stretching mode of 
Mb.NO and Hb.NO at 554 and 551 cm-1, the v(FeiLNO) frequency for Dd Hb.NO 
is --~ 15 cm-1 higher. On the other hand, the FeiLCO stretch of Dd Hb.CO is -32 
cm-1 lower than that of Mb·CO (507 cm-1) and HbA·CO (512 cm-1). The 
replacement of distal His by Tyr in Dd :Hb indeed has a profound effect on the 
v(FeiL NO) and v(FeiLCO) vibrations. 
Reprinted from Inorganic Chemistry, 1993, 32. 281 
Copyright © 1993 by the American Chemical Society ~md reprinted by permission of the copyright owner. 
Resonance Raman Investigation of Nitric Oxide Bonding in Iron Porphyrins: Detection of the 
Fe-NO Stretching Vibration 
Leigh Ann Lipscomb,t Bao-Shiang w~t and Nai-Teog Yu·.t.t 
School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, Georgia 30332, 
and Department of Chemistry, The Hong Kong University of Science and Technology, Kowloon, HK 
Received September 20, 1991 
With Soret-excitcd resonance Raman spectrOSC<IPY (RRS), we have detected the v(Fe1LNO) and l'(feiiLNO) 
stretching vibrations for several iron porphyrins. iilcluding octaethylporphyrin (OEP), tetraphenylporphyrin (TPP), 
heme-5, SP-13, SP-14, and SP-15. This result en2Lblc:s us to make the first comparison of the •(feiLNO) stretching 
frequencies in iron porphyrins ( -527 cm-1) and hemoproteins ( -554 cm-1), which is of interest if the protein's 
effect on the Fe-NO bond is to be: assessed. Solvent effects on the Fe1LNO bond strength were significant: for 
fell(OEP)(pyridine)(NO),.the v(F'e1LNO) stretchir.tg frequency was observed 5 cm-1 higher in CH2Ch (527 cm-1) 
than in bc:nzene (522 cm-1). The electronic tr:ilnS effect was investigated by preparing complexes with 
N-methylimidazole, pyridine, and tetrahydrofura!lt as proximal ligands, and steric effects were assessed by comparing 
hindered (1,2-dimethylimidazole) and unhindered (N-methylimidazole) axial bases. Interestingly, the felLNO 
bond strength proved insensitive to alterations in t11e trans base. These results are contrasted with previous fell-CO, 
Fe'L02, and fellLCN studies, in which the iron-ligand bond strength was found to be: dramatically affected by 
properties of the proximal ligand. 
latrodactioa 
Nitrosyl complexes have been extensively investigated by X-ray 
diffracti~ 1""" infrared, 4.5 electron spin resonance (EPR), 6-10visible 
absorption, 1 t-Il extended X-ray absorption fine structure 
(EXAFS),1" and resonance Raman spectroscopy (RRS).15-23 1t 
is known that nitric oxide (NO) binds to both ferric and ferrous 
hemes with an unusually high affmity.2" With RRS, the Fe-NO 
bond can be: readily monitored in terms of its stretching mode. 
The fli'St detection of P(feiLNO) in hemoproteins (554 cm-1, 
• Aathor to whom c:omspondeace should be addressed. 
• Gecqia Institute of TcdmoiOI)'. 
I Tbe Hon1 Kon1 University of Science and Technology. 
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fc::rrous HbA-NO) was reported in 1977 by Chottard and 
Mansuy. 15 Somewhat later, TsubakiandYullusedRRStostudy 
v(feiLNO) (551 cm-1) and P(N-{)) ( -1623 cm-1) in nitrosyl-
ht=moglobin A (HbA) and myoglobin. For ferric hemoproteins, 
Benko and Yu25 were the fa.rst to observe ar(fe'ILNO) and i-
(Fe'1LN-{)) in nitrosyl complexes of HbA and horseradish 
peroxidase. Recently, Choi et al.26 have reported the resonance 
Raman detection of .,(Fe1LNO) for the five-c:oordiuate felr(TPP)-
(NO). However, no infrared or resonance Raman detection of 
l'(feiLNO) and v(fe'ILNO) has been reported for the six-
coordinate fell(porphyrin)(base)(NO) in the literature. Such 
mformation is essential for assessing the protein's influence on 
the Fc-NO moiety, since the protein systems are also six· 
coordinate (with histidine as the proximal bale). 
In this paper, we describe: Soret-excited RRS studies of nitric 
o:tide complexes of ferric and ferrous porphyrins. With nitric 
o:tide isotope substitution, the •(feiiLNO) and v(Fe1LNO) 
stretching modes have been clearly identified at -602 and -524 
cm-1, respectively. The protein's influence on the l'(feiLNO) 
stretching frequency (-30 cm-1) is indeed significanL We have 
aJlso investigated the effects of the solvent and trans base on the 
feiLNO bond. Trans bases of different streqths (N·methyl-
imidamle, pyridine, tetrahydrofuran) werestudied,anchterically 
hindered (1,2-dimethylimidamle) and unhindered (N-methylim..:.: 
idazole) bases were also compared. We were surprised to fmd 
tbat the Fe1LNO bond is inseusitive to the nature of the trans 
li,gand. Solvent effects on the v(Fe1LNO) stretching frequency 
were investigated by comparing complexes of fe'I(OEP)(py-
ridine)(NO) in bc:nzene, tetrahydrofuran, carbon tetrachloride, 
chloroform, and methylene chloride. The l'(feiLNO) stretching 




Chemicals (Newburyport, MA), while iron(III) mao-tctraphenylpor-
pklyrin (TPP) bromide was purchased from Midccntury (Posen. IL). 
Both porphyrins were used without further purification. Heme 5, as well 
(25) Benko, B.; Yu, N.-T. Proc. Nail. Acad. Sci. U.S.A. 1913. 80, 7042. 
(26) Choi,I.-K.; Yanmin1,L.; Feng, D.-W.;Pacn1. K.-J.; Ryan. M. D.IIIOI'f. 
Clum. 1991. JO, 1832. 
<C 1993 American Chemical Society 











Fipre 1. Chemical structures of iron porphyrins. 
as the strapped bemc:s (FeSP-13, FeSP-14, FeSP-15), wu synthesized 
according to literature methods.27 The NO complexes of these ferric 
porphyrins (200 ~&M) were prepared with teuabydrofuran (THF. 0.10 
M), N-methylimidazole (N-Melm. 0.1 S M). 1,2-dimethylimidaz.ole ( 1,2-
DiMelm, 0.15 M), and pyridine (0.15 M) as proximal bases in CH2Ch 
solution. For preparation of the ferrous complex. methanol (0.1 M) was 
added to the porpbyrin/CH2Ch/base solution prior to the addition of the 
NO gas; methanol is known to act as a catalyst in the autoreduction of 
ferric porphyrins by N0.20 The sample solution was plaa:d in a quartz 
Raman cell, which was immediately sealc:d and evacuated. Nitric oxide 
(from Aldrich, Milwaukee. WI) was then introdua:d at a pressure of - 1 
atm. The isotope-substituted complexes were prepared similarly with 
•'N•6() (Bio-Rad Laboratories, Richmond. CA). and 1'N110 (ICON 
Services, Summit. NJ). 
All reagents were purific:d prior to usc. Methylene chloride was stirred 
over concentrated sulfuric acid, neutralized with a 10% N aHC01 solution, 
dric:d over anhydrous MgSO,.. and distillc:d from phosphorus pentoxide. 
pYridine and N-Melm were distillc:d from KOH, while 1.2-DiMelm and 
methanol were distilled from Na and Mg. respectively. Reagent grade 
tetrahydrofuran was used as receivc:d from Fisher Scientific (Fair Lawn, 
NJ). ~ 
The multichannel laser Raman system bas been described previously. 28 
The 406.7-nm line of a Spectra-Physics (Mountain View, CA) Model 
171 krypton ion laser was employed for excitation. The laser usc:d to 
obtain each spectrum is listed in the figure captions. To minimize 
pbotodissociation and localized heating, the Raman cell was kept spinning 
throughout the entire data acquisition process. The entrance slit of the 
monochromator bad a width and height of 100 11m and 1 em. respectively. 
Fencbone was used to calibrate the spectra; peak positions are considc:red 
accurate to %2 em-•. 
Results aad Discassioa 
ldelltificatioll of tile •(Fe-NO) Stretcbillg Vibntioa. We have 
studied the effects of nitric oxide isotope substitution on the low-
(27) Ward. B.; Wang, C.-B.; Chang, C. K. J. Am. Chtm. Soc. 1981. 103. 
5236. 





Lipscomb et al. 
(100-700 cm-1) and high (1300-1900 cm-1) frequency regions 
of Fe11(0EP)(THF)(NO) spectra. (See Figure 1 for structures 
of all the iron porphyrins studied in this work.) The substitutions 
reveal one isotope-sensitive line at 527 cm-1 for Fei•(OEP)(THF)-
(14N16()), which shifts to 519 em-• (1SN16()) and to 512 cm-1 
(1SN11Q) (see Figure 2). It is clear that this line corresponds to 
the 554-cm-1 mode in nitrosyl HbA assigned by othersiS as .,_ 
(Fe1LNQ). Careful examination of the spectral region from 
400 to 500 em-• reveals no o(felLN-0) bending mode for any 
of the porphyrins studied. 
Because the autoreduction of Fe111(0EP)(pyridine)(NO) to 
Fei1(0EP)(pyridine)(N0) is very slow ( -48 h), we were able to 
study the effects of nitric oxide isotope substitution on the low-
and high-frequency regions of feJll( OEP)(pyridine)(NO) spectra. 
In Figure 3, an isotope-sensitive line appears at 602 cm-1 for 
feiii(QEP)(pyridine)( 14N 16()), which shiftsto596cm-1 for feJII. 
(OEP)(pyridine)(1SN16Q). Other ferric porphyrins studied in-
clude Fe111(heme-5)(pyridine)(NO) (602 cm-1), felli(SP-14)-
(pyridine)(NO) (603 cm-1), and felll(SP-15)(pyridine)(N0) 
( 601 em-•). As was the case for the ferrous porphyrins, no bending 
modes were observed in the spectra. This result is not surprising 
in view of the linearity of the feiiLNQ system. which is expected 
on the basis of the total number of electrons (6) in the metal d 
and ligand r• orbitals. 29 It is of interest to point out that previous 
RRS studies of sterically hindered carbonmonoxy strapped 
hemes30 indicated that distortion of the Fe1LC-O linkage enhances 
the intensity of o(Fe1LC-0) relative to that of v(Fe1LCO). While 
the Fe111-NO and Fe1LCO systems are isoe!cctronic. the felL 
CO bond length of 1.77 A observed for feii(TPP)(pyridine)-
(29) Yu. N.-T. M~thods Enzymol. 1986. /30, 350. 
(30) Yu. N.-T.; Kerr, E. A.: Ward. B.; Chang, C. K. Bioch~mistry 1983,22, 
4534. 
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Flpre l. Nitric oxide isocopc effects on the low-frequency rqion ( 420-
6SOcm-1) spectra of Fe''(OEP)(THF)(NO). ~ • <406.7 am: lucrpower 
• -40 m W at the sample. Bec:aule oaly mWl portioaa of tbe spectra are 
displayed in each fipi'C. it sboukl be mentioned that aU featurea of our 
RRS data are iD aood ap-eement with those previously pubtiahcd for 
metalloocuetbylporphyrins. 60 
(C0)3 1 is much longer than the fellLNO bond investigated in 
this paper, because the observed •(Fe•l...(:O) stretch (486cm-l)l0 
is much lower than .(Fe11LNO) of 602 cm-1 reported here. It is 
well-kJlownl9 that theatretchiDa frequency can be correlated with 
the force conatant and bond length. We augest that the feiiL 
NO bond of feJli(SP-14)(pyridine)(NO) and Fe111(SP-15)-
(pyridine)(NO) is abort enough to prevent geometric distortion 
of the feiiLNO linkage by the strap. Therefore. feJILNO 
maintains its preferred linear configuration, and cl(FeJILN~) 
is not enhanced. 
We have also idcntifiecll'(fe1LNO) and P( feJILNO) for several 
other iron porphyrins, and all of the results are given in Table 
I. It should be mentioned that unsuc:ccssful attempts to observe 
v(Fe•LNO) in porphyriDs were previously reported by Stong et 
al20 Both the excitation wavelength (454.5 nm) and detector 
(photomultiplier ~ube) were different from those employed in 
this study. 
eo.p.risea of [Fe"LNO] witJa the lsoeleetro.ic [FeiLCO] s,._.. In the absence of distal steric hindrance. both the Fe"L 
NO and fell-CO moieties are known to adopt linear configu-
rations normal to the heme plaDe. X-ray and neutron sc:attering 
crystal structures of c:arbonmonoxy ad ducts of hemoproteinsl~2 
(31) Pcna, S.M.; lben. .J. A. J. Am. Chtm. Soc. 1916. 98,8032. 
(32) Kerr. E. A.; Mackin. H. A.; Yu. N.-T. Biochemistry 1983, 22, 4373. 
(33) Huber. R.; Epp. 0.; Formanek. H. J. Mol. Bioi. 1978. $2, 349. 
(34) Heidncr. E. J.; Ladner. R. C.; Perutz. M. F. J. Mol. Bioi. 1916, 104, 
707. 
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Flpre 3. Nibic oxide isotope effects on the low-freqUCDCy rqioa (S00-
650cm-1) spectra of Feiii(OEP)(pyridiDe)(NO). ~ • <406.7 am: 1ucr 
powt=r • -40 m W at the sample. 
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:reveal that nonbonded contacts in the heme pocbt force the 
bolmd CO out of its preferred linearc:onfiguratioa. U andSpiro'l 
ba,e sugested that these proteiD-induced clistortioal rault mainly 
in ttilting rather than bencliDa of the FeJ'-CO unit. Yu et ai.,JO 
in 1&tUdies of sterically hindered c:arbonmoaoxy strapped hemcs.. 
oblerved that distortions in the Fei'-CO linbge raulted in an 
inc:rease in the .(Fe1'-CO) stretchiDa frequency. It is of interest 
to :uk whether or not similar distortions oc:cur in NO adducts of 
ferric hemoproteins. 
(3S) Norvell. J. 0.; Nunes. A. c.; Scboenbom. B. P. SelMa lt'75.190. 568. 
(3€•) Padlan. E. A.; lme. W. E. J. BUN. Clwm. 197 ... 249,4067. 
{31) Tucker. P. W.; Phillips. S. E. V.; Penatz. M. F.; Houtcbens. R. A.; 
Cau&hey. W. S. hoc. Natl. Actul. Sci. U.S.A. 19'71. 7$, 1076. 
{38) Stciaeman. W.; Weber, E. J. Mol. Bioi. 19'79,121. 309. 
(lSI) Baldwin. J. M.; Chothia. C. J. Mol. Bioi. 19'79, 129, 175. 
(4()) Baldwin, J. M. J. Mol. Bioi. I,_, IJ6, 103. 
(411) H&DIOII. J. C.; Sc:bocnborn. B. P. J. Mol. Bioi. 1•1. UJ. 117. 
(4:!) Kuriyan. J.; Wiltz. S.; Karplus. M.; Petsko. G. J. Mol. BIDI. 1916.192, 
133. 
(4:5) Li. X.·Y.; Spiro, T. G. J. Am. Cum. Soc. 1911. 110,6024. 
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The similar v(Fe111-NO)'s for ferric HRP-NO (604 em-•), 
ferric MI>-NO (595 cm-1),2.5 and Fe111(0EP)(pyridine)(NO) (~2 
em- I) indicate that the protein's effect on the Fe111-NO bond 1s 
small, compared with the Fe11-CO system. Previous!~, th~ ,_ 
(Fe' '-CO) stretching frequency was observed 16 em-• higher for 
MbCO (512 cm-•)44 than for Fe11(0EP)(N-methylimidazole)-
(C0) (496 cm-1).32 For Mb, the relative stretching frequencies 
oh(felll-NO) (595 cm-1)2Sandv(Fe'LCO) (512cm-1)44 suggest 
that the felll-NO bond is stronger than the Fe1LCO bond. 
However, to avoid being misled by mass effects, we calculatc_d 
the I'( fell-CO) stretching frequency (for Mb-CO) on the bas1s 
of corrected mass normalized to the Fe111-NO system. We then 
obtained a value of 501 em-• for v(Fe11-CO). These frequency 
numbers (501 cm-1 for Fe1LCO, 595 cm-1 for Fe11LNO) do indeed 
correlate with a force constant that is highest for the Fe111-NO 
bond. While X-ray data for nitrosyl adducts of ferric bema-
proteins are unavailable, a comparison of the stretching fre-
quencies indicates that the feiiLNO bond is strongest and hence 
the shortest. Evidently the strength of the F e111- NO bond renders 
it less susceptible to protein distortions. It is plausible that t~ 
bond is short enough not to sterically interfere with bulky auuno 
acid residues near the binding site. 
ProteiD Effect. The results presented here facilit.ate the first 
comparison of the v(felLNO) stretching frequencies in model 
compounds and hemoproteins. For Fe11(0EP)(N-Melm)(NO), 
v(felLNO) was detected at 524 cm-1, ca. 30 cm-1 ~ower t~an 
that observed for nitrosyl HbA ( -554 cm-1). 1S An mterest.lng 
observation evolves from the comparison of protein effects on 
FeiLNO and Fe'L.()2• While both of these moieties maintain 
bent geometries, the protein effect on F e1L.()z23•49 is much s~er 
than that on felL NO, and the NO binding to Fe1Lheme m Hb 
is #OW 1000 times stronger than 0 2 binding. 24 
To obtain a more defmitive assessment of the protein's effect 
on the felLNO bond, we have carried out resonance Raman 
studies of Feii(PP)(N-Melm)(NO) (PP = protoporphyrin IX) 
in aqueous solution at alkaline pH. Because iron protoporphyrin 
IX is present in Hb and Mb, comparisons of the v(fe1LNO) 
stretching frequency in Ml>-NO and Fe11(PP)(N-Melm)(NO) 
should reflect only the effects of the protein. Unfortunately, 
slight background fluorescence prevented observation o~ P(Fe1L 
NO) for the protoporphyrin IX system. But the compansons we 
have made between Feii(QEP)(N-Melm)(NO) and Ml>-NO and 
Hl>-NO are still useful, because alterations in the heme group 
have only a slight effect on •(Fe1LNQ) (see Table 1). Further-
more, the ,(Fe'LCO) stretching frequencies reported for Fe11• 
(PP)(N-Melm)(CO) (497 cm-1) 4' and feii(OEP)(N-Melnt)· 
(CO) (496 an-1)31 are very siniilar. 
Traas Effect. A:ssuming that the Fe1LN-O geometry is not 
affected by a change in the trans ligand, the P( Fe1LN 0) stretching 
frequency may be correlated with the Fe1L~Q bond~trength (or 
bond length). In this work. we have exammed the influence of 
trans ligands on the .CFe1LNO) stretching frequency. ~eligands 
studied were N-methylimidazole· (N-Melm), pyr1dine, and 
tetrahydrofuran (TIIF). It is also interesting to compare the 
v(Feii-NQ) stretching frequency in complexes with N-m~yl­
imidazoleand 1,2-dimethylimidazole ( 1 ,2-DiMelm) as proxunal 
bases. The methyl group in the 2-position of 1,2-DiMelm 
sterically interferes with the porphyrin plane, thereby lengthening 
the Fe-N, bond (N, represents theN atom of the proximal base). 
Iron porphyrin complexes with 1 ,2-DiM elm provide an excellent 
model for the tense (or low affmity) state of hemoglobin.46 Results 
for feii(QEP)(N-Melm)(NO), Feli(QEP)( 1 ,2-DiMelm)(NO), 
(44) Tsubaki, M.; Srivastava, R. B.; Yu. N.-T. Biochemistry 1981.21, 1132. 
(45) Mackin, H. Ph.D. Thesis, Georgia lnstitutcofTcc:hnology. Atlanta, GA 
30332. 1985. 
(46) Rougcc. M.; Brault. D. Bioch~mistry 1975, 14. 4100. 
(47) Hu, S.; Kincaid. J. R. J. Am. Chem. Soc. 1991. I 13. 9760. 
~48) Hoffmann. R.; Chen. M.-L.; Thorn. D. L. lnorg. Chem. 1977, 16. 503. 
(49) Wayland. B. B.; Olson. L. W. J. Am. Chem. Soc. 1974, 96, 6037. 
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Flpre 4. Effects of Jteric and electronic properties of the trans lipncl 
on J'(feii-NO) in the low-frequency rqion (440-650 cm-1) spectra of 
nitrosyliron(ll) OEP complexes. The laser power wu 40 mW (at the· 
sample) in (a) and (c) and 30 mW in (b). >. • 406.7 IUD. 
and Fell(QEP)(pyridine)(NO) are shown in rJ.gUre 4, while the 
.spectrum of feii(QEP)(THF)(NO) is displayed in Figure 1. 
Interestingly, •(felLNO) proved insensitive to both electronic 
aDd steric trans effects. Kincaid et al.47 have previously noted 
:similar behavior of .CFe1LNO) of nitrosyl adducts of ferrous 
1:ytochrome P450cam. The authors report. that the ~Fe~L~O) 
:'tretching frequency was not altered by proximal cysteme ligation. 
Apparently, bending of the Fe-N-0 linkage substantially 
f:ncreases the energy of the dXJ'-r orbitals, 47•41 thus rendering the 
traDsfer of a lone pair on the axial sulfur eneqetically unfavorable. 
To make certain that we were not studying the bis(nitrosyl) 
adduct, Feli(QEP)(N0)2, we prepared this adduct and studied 
its Raman and absorption spectra. In the absence of any base, 
FeJI(QEP)(N0)2 can be readily formed under our experimental 
<:onditions.•9 The absorption spectrum obtablcd from this complex 
was significantly different from that obtained for the Fe11(0EP)-
(bue)(NO) complexes (data not shown). Additionally, we 
c;bserved an isotope-sensitive line at 519 cm-1 in the resonance 
Raman spectrum of FeJI(QEP)( 14N 16Q)2; this line shifts to ~14 
cm-1 upon substitution by 1SN16Q. The P(Fe1LNQ) s~.tching 
frequency detected for Fe11(0EP)(NO)z (519 cm-1) ts mdecd 
significantly different from that observed for Fe11(0EP)(base)-
(NO) (-527 cm-1). 
Additionally, we have monitored the P(Fe1LN~~ stretching 
frequency under conditions which we can be pouave that the 
trans ligand is coordinated. Fe11(0EP)(pyridine)(NO) was 
prepared in neat pyridine, and •(Fe1LNO) was detected at 526 
cm-1 (spectrum not shown). v(Fe1LNO) was also observed at 
Nitric Oxide Bonding in Iron Porphyrins 
Table II. Comparison of the Trans Effects for CO •. 0 2, CN. and 
NO Complexes of Iron Porphyrins: Results from Resonance Raman 
Spectroscopy 
complex v(fe11-CO) (cm- 1) ref 
fe 11(TpivPP)(THf)(CO) 527 32 
fe11(TpivPP)(pyridine)(C0) 486 32 
fe 11(TpivPP)(N-Melm)(CO) 489 32 
fe11(TpivPP)( 1 ,2-DiMelm)(CO) 496 32 
complex v(fe11-02) (cm- 1) ref 
fe11(TpivPP)(N-Melnl)(02) 571 51 
fe 11(TpivPP)(l,2-DiMelm)(02) 561 51 
complex v(fe111-CN) (cm··l) ref 
fe 111(SP-l 5)(N-MeiM)(CN) 447 52 
feiii(SP-1 5)(pyridine)(CN) 456 52 
fe111(SP-l 5)( 1 ,2-DiMelm)( CN) 446 52 
complex v(fe"-NO) (cm-1) ref 
fe"(OEP)(THF)(NO) 527 tbis work 
fe11(0EP)(N-DiMelm)(NO) 524 tbis work 
fe11(0EP)( 1 .2-DiMelm)(NO) 524 tbis work 
fe1 1(0EP)(pyridine)(NO) 527 this work 
525 em-• for both Fc11(0EP)(N-methylimidazole)(NO) (in neat 
N-mcthylimidazole) and Fc11(0EP)(l,2-dimcthylimidazolc)-
(NO) (in neat 1,2-dimcthylimidazole). Clearly, these new results 
unambiguously demonstrate that v(Fc1LNO) is insensitive to 
electronic I stcric properties of the trans base. 
This lack of an electronic trans effect has been noted previously 
forthcMn1LNOsystcm. YuctaJ..SOrcportedalmostnodiffcrencc: 
in the v(Mn1LNO) strctchina frequencies observed for Mn11-
(hemc-5)(N-Mclm)(NO) (629 cm·1) and Mnll(hcme··5)(pipew-
ridinc)(NO) (630 em-•). In contras~ other ligand systems such 
as Fe1LC032, Fc11-02, 51 and Fc11LCN,52 arc known to exhibit. 
significant trans effects. In Table II. we compare the sensitivities 
of the Fe1LCO, Fc1L02, Fc111-CN, and feiLNO bonds to 
alterations in the proximal base. Results in Table II indicate 
that, while the I'(Fc1LCO) stretching frequency for fcii(TpivPP)" 
(pyridine)(CO) is41 cm·1lowerthan thatoffeii(TpivPP)(THF)-
(CO), the position of 11(Fc1LNO) is identical (527 c:m-1) for 
Fe11(0EP)(pyridinc)(NO) and fcli(OEP)(THF)(NO). These 
resonance Raman results arc supported by X -ray crystallographic 
studies. and Table III compares the sensitivities of the Fc•LCO, 
Fc1L02, Fc111-CN, and Fe1LNO bond lengths to the trans ligand 
identity. Interestingly, the Fc1LNO bond length is very similar 
for Fc11(TPP)(N-Mclm)(NO) (1.74 A)l and fcii(TPP)(4-
methylpiperidinc)(NO) (1.72 A),4 even though N-Mclm and 
4-mcthylpiperidinc arc bases of different strengths. In contrast, 
the Fe11-CO bond distance is different in Fc11(dcutcro)(THF)·· 
(CO) (1.706 A)S2 and fcii(TPP)(pyridinc)(CO) (1.77 A).l• 
Similarly, the stcric trans effect which is observed for CO, 0 2, 
and CN complexes of iron porphyrins is absent for the NO case. 
For example, the •(Fe1L02) stretching frequency for solid fell~ 
(TpivPP)(N-Mclm)(02) appears 10 cm-1 higher than that of the 
sterically hindered Fc11(TpivPP)(l,2-DiMeim)(02) complcx,s• 
while the 11(Fe1LNO) stretching frequency is observed at 524 
~-· for both Fc11(0EP)(N-Melm)(N0) and fcll(QEP)(l,2-
DiMcim)(NO). Results from previous RRS studies of Moll-
(50) Yu. N.-T.; un. S.-H.; Chang, C. K.; Gersonde. K. Bionhys. J. 1989 55 
1137. , ' . 
(51) Walters. M.A.; Spiro, T.G.;Suslick, K.S.; Collman,J. P.J.Am. Ch~m. 
Soc. 1980, 101. 6857. 
(52) Tana.ka. T.; Yu. N.-T.; Chang. C. K. Biophys. J. 1987, 52, 801. 
(53) Schetdt. W. R.; Haller. K. J.; Fans, M.: Mashiko, T.; Reed. C. A. 
Biochemistry 1981. 10. 3653. 
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Table Ill. Comparison of the Trans Effect for CO. 0 2, CN. and 
NO Complexes of Iron Porphyrins: Results from X-ray 
Crystallography 
complex fe 11-CO bond length (A) ref 
Fe11(deutero)(THf)(C0) 1.706 53 
Fe11(TPP)( pyrdine )(CO) 1.77 31 
complex fe 11-02 bond length (A) ref 
f ,e11(TpivPP)(N-Melm)(02) 1.15 54,55 
F~e 11(TpivPP)(2-Melm)(01) 1.90 56,51 
complex fc 111-CN bond length (A) 
Feii1(TPP)(pyridine)(CN) 1.908 
Fe111(TPP)(CNh 1.975 
complex fell-NO bond length (A) 
Fe11(TPP)( 4-MePip)(NO)• 1.72 
Fe11(TPP)(N-Melm)(NO) 1.74 
·'4-MePip = 4-mcthylpiperidine. 








dipole moment .(fell-NO) 
solvent (D) complex (em-•) 
CC4 0 fe11(0EP)(pyridine)(NO) 523 
C6!4 0 fei1(0EP)(pyridine)(NO) 522 
CHCll 1.01 fe11(0EP)(pyridine)(NO) 524 
CH2Ch 1.60 Fei1(0EP)(pyridine)(N0) 521 
C .. HaO 1.63 FeJI(OEP)(THF)(NO) 523 
(~4:mc-5)(N-Melm)(N0) (629 em·•) and Mnll(hemc-5)(1,2-
DlMclm)(NO) (630 cm-1) 50 indicate that the strona Mn•LNO 
bond of this system is also unaffected by alterations in the steric 
JmJPCrties of the proximal base. 
These results arc in conflict with those from earlier EPR studies 
of ~c11~protohcme)(basc)(N0),' 9·S7 in which both buicity and 
stmc hmdrance of the trans base were found to influence hyperfmc 
structures. This was interpreted as an indication of trans effects 
on the Fc1LNO bond. Discrepancies between RRS and EPR 
data have been noted previously in studies of nitrosyl complexes 
of mctalloporphyrins.19.51.59 It seems that, while EPR reflects 
only the distribution of the unpaired electron. the resonance 
R2LJDan vibrational frequencies arc a measure of the metal-ligand 
bond strength to which both s and p bonding contribute. Hence, 
hyperfinc constants in EPR spectra arc not necessarily a measure 
of metal-ligand bond strength. 
SoiYeat Effect. It hu been prcdicted60 that, in simple •nat 
porphyrins,. such as Fei1(0EP)(basc)(NO), the lipnd will be 
cx·posed to the solvent and show a marked dependence on its 
physical properties. In this regard, we investigated the effect of 
th•: solvent on the •(feiLNO) stretching frequency, and these 
~1ults arc shown in Table IV. Apparently, nitric oxide does 
mtcract with the solvent. Dipole moments of the solvents are as 
follows in parentheses: CC4 (0 D). CJi6 (0 D), CHCh (1.01 
D)t, CHzCh (1.60 D), and C~80 (1.63 D). In aenerai, the 
v(1Fe1LNO) stretching frequency for solvents of hiaher polarity 
was higher, with THF providing a notable exception to this trend. 
Cc.ac.haiom 
We report the fiJ'St detection of the lf(feiLNO) and l'(fciiL 
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is significant in two different aspects: ( 1 ) First, a comparison of 
the v(Fe1LNO) and •(feiiLNO) stretching frequencies in 
porphyrins and hemoproteins is now feasible. While II( Fe11-NO) 
is observed ,_ 30 cm-1 lower in porphyrins than in hemoproteins, 
the effects of the protein on •( Fe111-NO) are small. (2) Second, 
the detection of •(Fe1LNO) in model porphyrins enabled us to 
study trans effects on this bond. The Fe1LNO bond strength was 
determined to be independent of the electron-donating and 
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stereochemical propenies of the trans base. Clearly, the Fe'L 
N 0 bond is unique in this respect, and future work may be directed 
toward understanding this system more fully. 
Acbowledgmeat. We gratefully acknowledge Dr. C. K. Chang 
for providing some of the porphyrin samples. including heme-5, 
FeSP-13, FeSP-14, and FeSP-15. 
